Whether or not the benefits of antithymocyte globulin (ATG) on engraftment and GVHD are offset by increased risk of relapse, delayed T-cell recovery and increased infections remains controversial. We retrospectively studied the effect of ATG in 144 AML patients, 34 of whom received ATG, undergoing reduced intensity conditioning (RIC) umbilical cord blood transplantation (UCB) or HLA-matched sibling PBSC. ATG patients had not received intensive chemotherapy for 3 months before transplantation for UCB, 6 months for PBSC. There were no differences in engraftment between ATG and non-ATG patients. The cumulative incidences of TRM as well as acute and chronic GVHD in ATG-treated patients were not statistically different. ATG patients had significantly more infections between 46 and 180 days post transplantation. Unexpectedly, after adjusting for donor type, relapse was lower among ATG recipients (relative risk (RR) 0.5, 95% confidence interval (CI) 0.3-1.0, P = 0.04). In summary, administration of ATG to AML patients undergoing RIC had no adverse impact on major clinical outcomes. ATG may be indicated for patients at higher risk of graft failure after allogeneic hematopoietic cell transplantation (allo-HCT).
INTRODUCTION
Allogeneic hematopoietic cell transplantation (allo-HCT) is an effective treatment modality for high risk and advanced hematological malignancies, including AML. 1, 2 Given that only about onethird of patients will have a suitable HLA-matched sibling (SIB) donor, more unrelated donors are being utilized. 3 Further, with reduced intensity conditioning (RIC) regimens now approaching nearly half of all allo-HCT performed, more patients are undergoing allo-HCT with lower treatment-related mortality (TRM) and acceptable engraftment. [4] [5] [6] The success of RIC relies heavily on the graftversus-tumor effect of the donor cells as the conditioning regimen may be less effective in eradicating the underlying malignancy.
Antithymocyte globulin (ATG) can target T cells to achieve in vivo T-cell depletion and has often been administered to patients considered high risk for graft rejection and GVHD, such as those receiving HLA-mismatched allografts. Patients who have not received intensive or highly immunosuppressive chemotherapy during the few months before transplantation 7 and those receiving unrelated donor or HLA-mismatched grafts 8 are also at higher risk of graft rejection. Including ATG as part of the conditioning regimen may overcome this barrier. However, like any form of T-cell depletion, ATG may have benefits on engraftment and GVHD that can be offset by increased risk of relapse, delayed T-cell recovery and increased infections. We studied the ability of ATG as administered via our institutional protocol to facilitate engraftment as part of the conditioning regimen in patients with AML undergoing RIC transplantation from umbilical cord blood (UCB) or SIB donors.
PATIENTS AND METHODS Patients
Transplant and demographic data were prospectively collected from 2000 to 2010 on all adult (age greater than 18) patients undergoing RIC UCB transplantation or HLA-matched SIB-PBSC for AML at the University of Minnesota. Eligibility criteria for non-myeloablative transplantation, UCB graft selection and supportive care have been reported. 9, 10 Hematopoietic cell transplantation comorbidity index (HCT-CI) scores were reviewed and assigned retrospectively. 11 Cytogenetic risk as poor, intermediate or favorable was based on the Southwest Oncology/Eastern Cooperative Oncology Group classification. 12 Infection data were collected prospectively; however, all data were confirmed by retrospective review of the outpatient and inpatient records. An infection episode was defined as any infection confirmed by culture, histology, PCR or antigenemia for which treatment was initiated. Treatment protocols were approved by the Institutional Review Board of the University of Minnesota. All patients provided written informed consent in accordance with the Declaration of Helsinki before enrolment.
Conditioning regimen and ATG administration
Conditioning regimens have been previously reported. per day for those with limited renal function, defined as raw creatinine clearance o70 mg/min/m 2 , and those with previous cranial radiation), cyclophosphamide (CY) 50 mg/kg i.v. on day − 6, and single dose 200-cGy TBI on day − 1. Starting in October 2009, the fludarabine dose in the SIB-PBSC was reduced to 30 mg/m 2 per day. On the basis of the institutional guidelines, equine ATG (ATGAM; Pfizer, New York, NY, USA) at 15 mg/kg i.v. every 12 h for six doses on days − 6, − 5 and − 4 with methylprednisolone 1 mg/kg was administered to those not treated with combination chemotherapy within 6 months before transplantation for SIB-PBSC and 3 months for UCB transplantation, or who had not undergone prior autologous transplantation. GVHD prophylaxis consisted of bis cyclosporine (CYA), targeting a trough level of 200-400 ng/mL, and mycophenolate mofetil 2-3 g/day, starting on day − 3. Mycophenolate mofetil was discontinued at day +30 and CYA was continued through day +100 and, if no evidence of GVHD, tapered to discontinue on day +180.
Statistical considerations
(cGVHD), infection-related mortality and cumulative density of infections (infections per 1000 person days) for fungal, bacterial and viral organisms. The diagnosis of aGVHD and cGVHD was based on standard clinical criteria with histopathologic confirmation where possible. 14, 15 11 Standard disease risk was defined as AML in first or second CR at the time of transplantation. Time from disease to transplantation was measured from the date of diagnosis for patients in first CR (CR1) and from the latest relapse before transplantation for patients in CR2 or subsequent CRs (CR3+). Kaplan-Meier curves were used to estimate OS and DFS. 16 Cumulative incidence was used to estimate relapse, infection-related mortality, aGHVD and cGVHD treating non-event death as a competing risk. Infection-related death was defined as any death in which infection was a primary or contributing cause of death, unless the primary or contributing causes of death were disease relapse/progression or GVHD. The log-rank test was used for comparisons across use of ATG in the conditioning regimen. Infections were further classified by type (bacterial, viral and fungal) and by time period (0-45 days, 46-180 days and 181-365 days after transplant). The infection density takes into account all episodes per patient. The Mantel-Haenszel Χ 2 test for incidence densities was employed to test the infection density in the two study groups, with and without ATG. 17 Multivariable analysis for DFS used Cox regression 18 and for relapse, TRM and aGVHD and cGVHD used Fine and Gray regression. 19 Potential confounders included donor type (SIB-PBSC vs UCB), patient CMV serostatus (negative vs positive), comorbidity HCT-CI at transplant (0 vs 1-2 vs 3+), cytogenetic risk (good/intermediate vs poor), age (o35 vs 35-50 vs 50+), time from last disease to transplant (both continuous and o100 days vs ⩾ 100 days) and disease risk (CR1/CR2 vs CR3+). Multivariate analysis of infections, the correlation of multiple events within each subject, was taken into account by an appropriate correction to the variance estimate, and an appropriate risk set was defined for each infection, completed by the conditional model of Prentice for multiple infections of a similar type. 20 In this model, a patient is not at risk for a second infection until the occurrence of the first infection. All P-values were two-sided. Analyses were performed using the SAS 9.2 (SAS Institute, Cary, NC, USA) and R 2.11 statistical software (Open-source software environment, by the Statistical Department at the University of Auckland, New Zealand). Abbreviations: ATG = antithymocyte globulin; CR1 = first CR; CR2 = second CR; CR3 = third CR; Flu = fludarabine; HCT-CI = hematopoietic cell transplantation comorbidity index; MMF = mycophenolate mofetil; UCB = umbilical cord blood.
a Cytogenetic risk unavailable for four patients.
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RESULTS

Patient characteristics
A total of 144 patients transplanted between 2000 and 2010 met the inclusion criteria. Table 1 summarizes demographic information stratified by the administration of ATG. There were no significant differences between study groups in regard to HLA matching, disease status at treatment, prior autologous transplantation, gender, stem cell source, recipient and donor CMV serostatus, HCT-CI and cytogenetic risk. The median age was greater in the ATG group at 59 vs 55 years (P = 0.03). As expected by study design, time from diagnosis to last relapse to transplantation was greater in the ATG group (median 156 days vs 119, P o0.01), reflecting the planned indications for ATG.
Engraftment, survival and relapse There were no differences in the cumulative incidence and median days to engraftment between ATG and non-ATG patients.
Among UCB patients, 92% of those treated with ATG (N = 28) engrafted at a median of 20 days (range 5-39) vs 92% (N = 76) and a median of 11 days (range 0-38) for the non-ATG group. Comparatively, among SIB-PBSC patients, 100% of those treated with ATG (N = 6) engrafted at a median of 9 days (range 2-11) vs 100% (N = 34) and a median of 9 days (range 0-16) for the non-ATG patients. Patients who did or did not receive ATG as part of their conditioning regimen had a similar incidence of TRM at 2 years ( Figure 1a) . In multivariable models, after adjusting for HCT-CI and disease risk, we found no effect of the administration of ATG and the risk of TRM (Table 2) . Patients with HCT-CI ⩾ 3 had a 4.6-fold higher risk of TRM. The cumulative incidence of relapse at 2 years was 30% (95% confidence interval (CI) 14-46%) for the ATG group and 46% (95% CI 36-57%) for non-ATG group (P = 0.09; Figure 1b ). In multiple regression modeling, after adjusting as needed for donor type, ATG administration was an independent predictor of decreased risk of relapse ( Table 2 ). The Kaplan-Meier probability of DFS for patients who did and did not receive ATG Effect of ATG in non-myeloablative transplantation P Hagen et al was similar at both 1 year (ATG 59% (95% CI 41-73) and no ATG 40% (95% CI 31-49)) and 5 years (ATG 34% (95% CI 19-50%) and no ATG 24% (95% CI 15-33); Figure 1c ). Multiple regression of DFS showed that ATG administration had no significant influence on the risk of treatment failure (Table 2) . However, a HCT-CI score of 3 + risk ratio (RR) of 1.8, poor cytogenetic risk RR of 1.5 and high disease risk RR of 2.9 were associated with inferior DFS.
GVHD
The cumulative incidence of grades II-IV aGVHD was not statiscally different between patients who did or did receive ATG (29% vs 50%, P = 0.11, Figure 1d ). The risk of cGVHD was also similar in the ATG and no ATG groups (24% vs 30%, P = 0.33, Figure 1e ). ATG was not an independent predictor of aGVHD in multiple regression analysis; however, increasing age was associated with an increased risk of aGVHD (Table 2) . UCB was associated with significantly lower risks of cGVHD (RR 0.5, P = 0.02) but ATG did not influence the risks of cGVHD in multiple regression analysis.
Infections ATG administration had no influence on the incidence of infection-related deaths at 6 months (15% vs 8%, P = 0.25) and 1 year (21% vs 10%, P = 0.12; Figure 1f ). We also studied the cumulative density of infections, a method that takes into consideration multiple infections in an individual patient. Recipients of ATG had similar incidence of infection between days 0-30 and days 180-365, but a higher incidence of viral and fungal infections between days +46 and +180 (Figures 2a and c) . However, the number of fungal infection events in particular was very low. In multiple regression analysis, the administration of ATG was not an independent predictor of the cumulative density of bacterial, viral or fungal infections over the first year post transplantation. Patients with high-risk disease had a higher risk of fungal infections (Table 3 ) and recipients of UCB and CMV seropositive patients had an increased risk of viral infections (Table 3) ; however, there were no independent predictors of bacterial infections.
DISCUSSION
In this comprehensive single center analysis, we observed that the administration of equine ATG as part of the conditioning regimen had no adverse effect on GVHD, TRM and survival, and comparable engraftment. An unexpected finding was that ATG was associated with a lower risk of relapse. We analyzed both short-term and long-term outcomes in patients with AML in the setting of ATG use. There are three frequently used clinical preparations of ATG. Polyclonal ATG is the purified IgG fraction of sera from rabbits, horses or, more rarely, goats that are immunized with thymocytes or T-cell lines. The most widely used preparations include horse ATG and the ATG preparation utilized in our study (Atgam, Pfizer), which is derived from horses immunized with thymocytes. Other commonly used preparations include another equine product (Lymphoglobulin, Genzyme, Cambridge, MA, USA) and rabbit ATG (Thymoglobulin, Genzyme). 21 In contrast, ATG-Fresenius (ATG-F; Fresenius Biotech, Graefelfing, Germany) is a polyclonal Ab that is produced against rabbit anti-Jurkat cell-line resembling active T lymphoblasts. Recent data comparing rabbit and equine ATG for the treatment of severe aplastic anemia clearly illustrate the varying efficacy and degree of lymphodepletion between these agents. 22 Studying the effect of ATG on the outcomes of allo-HCT should take into consideration not only dosing and timing of administration but also biological differences among preparations.
In our study, administration of ATG had no statistically significant effect on the risk of aGVHD and cGVHD. The retrospective registry study by the Center for International Blood and Marrow Transplant Research (CIBMTR) also observed no effect of ATG in reducing the risk of aGVHD but a modest effect in lowering cGVHD risks. 23 In contrast, a randomized study with ATG-F 24,25 and the sequential randomized studies with rabbit-ATG demonstrated a lower risk of aGVHD and cGVHD in treated patients. 26, 27 However, the rabbit-ATG study observed a reduction in the risk of cGVHD only when low-dose and high-dose ATG groups were combined. 26, 27 The differences among the various studies reflect, at least in part, the varying patient populations and varying ATG preparations (equine vs rabbit vs ATG-F). Moreover, our study and the ATG-F study 24 described uniform dosing of a Effect of ATG in non-myeloablative transplantation P Hagen et al single formulation, whereas the rabbit-ATG report 26 studied two different ATG doses and the CIBMTR study analyzed different products (including alemtuzumab), doses and schedules. 23 Admittedly, our study participants primarily underwent UCB transplantation, whereas the CIBMTR registry study as well as the sequential randomized studies with rabbit-ATG [23] [24] [25] included only PBSC transplantation patients; thus, one should compare the two with some degree of caution.
The effect of ATG on TRM and survival is controversial. Although we observed no adverse effect on TRM and survival, a recent CIBMTR retrospective study reported that ATG or alemtuzumab resulted in a higher risk of relapse and TRM and poorer survival as compared with T-cell-replete grafts. 23 However, this study includes heterogeneity in anti-T-cell product, donor type and immune suppressive regimens that might have influenced these findings. In contrast, our findings are consistent with randomized studies using rabbit ATG 26 and ATG-F 24 that found no effect of ATG on the risk of TRM and survival.
An increased risk of infectious complications is a wellrecognized risk of ATG and other forms of T-cell depletion. 23, 28, 29 We studied infection density, which considers multiple infectious episodes, and also studied three distinct post-transplantation periods recognizing that the risk of infection changes over time. Early post transplantation, there was no difference in infection density, perhaps because of neutropenia and other profound immunosuppressive states in the initial post-transplant month. Recipients of ATG had a somewhat higher risk of viral and fungal, but not bacterial, infections between days +46 and +180. However, the number of infectious events, in particular fungal infections was low, suggesting that caution is warranted in drawing definite conclusions. Similar to other reports, 26 there was no significant increase in infection-related death; in particular, EBV and CMV infections were infrequent in the ATG recipients, specifically when adjusted for pre-transplant CMV serology. These data support the safety of ATG use but also underscore the importance of close monitoring of ATG, and perhaps all, allograft recipients for opportunist infections up to 6 months post transplantation.
Although not seen in earlier studies, after adjusting for donor type we observed lower relative risk of AML relapse among patients receiving ATG. In the CIBMTR study, patients receiving ATG were found to have a higher risk of relapse as compared with T-cell-replete grafts, 23 yet the ATG-F randomized study observed no difference between treated and untreated patients. 24, 25 The CIBMTR study included patients who received both equine and rabbit ATG; however, the authors were unable to determine whether the effect on the risk of relapse was the same for the two ATG preparations. Whereas the differing results among studies may reflect biological differences in ATG preparations, schedules of administration, disease risk groups, donor types and graft sources, we speculate that the observed differences may also be because of inherent differences in the patient risk of relapse. Our indications for ATG were only for patients who received no intensive chemotherapy 3-6 months before transplantation, which possibly selected patients with a less aggressive phenotype and thus a longer pre-transplant remission. Regardless, the administration of ATG did not adversely influence the risk of relapse.
We believe that the results of our experience in the administration of equine ATG for RIC AML patients have clinical utility. Effect of ATG in non-myeloablative transplantation P Hagen et al
However, this was a retrospective study and the lower relapse in the ATG group, as well as the lack of effect on GVHD, TRM and survival, may reflect sample size and number of events. This is likely most evident in the reduced risk of relapse seen in the ATG group in multivariate analysis that may be biased by patient selection and/or numbers. In summary, we showed that the administration of equine ATG for patients with AML had no adverse effect on long-term outcomes. In this older patient population, our observations support the use of ATG to reduce the risk of graft rejection as part of non-myeloablative conditioning. Effect of ATG in non-myeloablative transplantation P Hagen et al
